Introduction

▼
The subjective appreciation of sports movements is an important quality for any coach seeking to improve athletic performance [22] . However, to be effective, observations must be centered on the essential parameters of the activity [29] . Interviews with expert sprint coaches emphasize that posture, hip position (i. e., center of mass and pelvis position), arm action, as well as ground contact are key parameters in running performance [29] . The scientific literature supports most of these beliefs. For instance, contact time is suggested to be the most important kinematic parameter for generating differences between elite sprinters, whereby faster sprinters exhibit shorter contact times [6] and develop greater mass-specific forces during that time [30] . Even in endurance runners, contact time has been related to 5-km time-trial performances (r = − 0.49, p < 0.05) [26] . Arm swing reduces the energy cost of running [1] , helping to minimize trunk rotation and counterbalancing leg swing [2] . In long-distance runners, the range of elbow motion has been positively correlated to running economy (r = 0.42, p < 0.25) [28] , indicating value in observing arm action while running. Such biomechanical parameters, i. e., arm motion and body posture, are usually assessed independently. However, the running gait pattern is a dynamic system in which the evolution of one parameter is likely to affect another. For instance, a decrease in contact time, without adjusting step frequency, leads to an increase in flight time that can promote vertical displacement of the center of mass [9] . Alterations in step width and arm motion has also been shown to alter running gait, increasing the cost of running and challenging lateral balance [1] . Individuals with excessive pronation demonstrate lower peak adduction and greater peak flexion at the knee during stance, with rearfoot strikers also exhibiting greater peak knee flexion [16] . Taken together, all biomechanical parameters generate a global running pattern or style that is specific to individuals and can be used by coaches to differentiate runners from one another. It may even be possible to categorize specific running styles in which
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Biomechanical parameters are often analyzed independently, although running gait is a dynamic system wherein changes in one parameter are likely to affect another. Accordingly, the Volodalen ® method provides a model for classifying running patterns into 2 categories, aerial and terrestrial, using a global subjective rating scoring system. We aimed to validate the Volodalen ® method by verifying whether the aerial and terrestrial patterns, defined subjectively by a running coach, were associated with distinct objectively-measured biomechanical parameters. The running patterns of 91 individuals were assessed subjectively using the Volodalen ® method by an expert running coach during a 10-min running warm-up. Biomechanical parameters were measured objectively using the OptojumpNext ® during a 50-m run performed at 3.3, 4.2, and 5 m · s − 1 and were compared between aerial-and terrestrial-classified subjects. Longer contact times and greater leg compression were observed in the terrestrial compared to the aerial runners. The aerial runners exhibited longer flight time, greater center of mass displacement, maximum vertical force and leg stiffness than the terrestrial ones. The subjective categorization of running patterns was associated with distinct objectively-quantified biomechanical parameters. Our results suggest that a subjective holistic assessment of running patterns provides insight into the biomechanics of running gaits of individuals.
runners display similar movement patterns. For example, McMahon et al. [20] termed running with excessive knee flexion "Groucho running", which is typically associated with increased contact time and step length and decreased flight time and vertical oscillation of the body. On the other hand, Ardense et al. [3] investigated "Pose running", characterized by mid-forefoot striking, short contact times and step lengths, and less knee flexion during stance. Our laboratory has been using a holistic approach, the Volodalen ® method, to classify running patterns subjectively for several years. The Volodalen ® method considers runners to be a global and dynamic system. Running patterns are subdivided into 2 main groups according to 5 subjectively-evaluated criteria. Using a standardized grid and rating system, coaches can classify running patterns as being aerial or terrestrial to assist in better understanding and training individuals. Overall, the aerial pattern is characterized by a more spring-like vertical bouncing gait, and the terrestrial pattern by a more grounded horizontal gait. Considering the entire running pattern of individuals allows coaches to adapt their instructions and address deficiencies by implementing targeted exercise programs on the basis of a holistic approach. Thus, the purpose of this study was to validate the Volodalen ® method by verifying whether the 2 subjectively-classified running patterns are in fact associated with distinct objectivelymeasured biomechanical parameters. We hypothesized that aerial runners would exhibit shorter contact times, greater leg stiffness, and longer flight times than terrestrial runners. ; males (n = 77): age 29.2 ± 11.0 y, height 178.0 ± 6.3 cm, body mass 71.9 ± 8.4 kg, and training time: 6.7 ± 4.3 h · week − 1 ] voluntarily participated in this study. All participants were free from lower-extremity injuries and had been injury-free for the previous year. The university's Institutional Review Board approved the study protocol prior to subject recruitment, which was conducted in accordance with International Journal of Sports Medicine ethical standards [10] .
Materials and Methods
▼
Design
Each subject participated in an experimental session lasting 30 min. After providing written informed consent, subjects ran for 10 min as a warm-up at a self-selected speed (range: 2.5-3.5 m · s − 1 ). For testing, subjects then ran 3 × 50 m from standstill on an indoor athletic track at 3.3, 4.2, and 5 m · s − 1 in a randomized order, interspersed with 2-min rest periods during which participants were permitted to walk. Speed of trials was monitored using photoelectric cells (Racetime2, MicroGate, Timing and Sport, Bolzano, Italy) placed at the 20 th and 40 th meter of the 50-m trial. A running trial was accepted when its speed was within ± 5 % of the specified speed. Otherwise, it was disregarded and repeated after a 2-min rest period, which occurred in less than 20 % of the trials and no more than twice per subject.
Subjective assessment
During the 10-min warm-up and independently of the objective analysis, subjects' running patterns were observed by an expert running coach (coaching experience > 20 years at a national level) and scored using the Volodalen absolute reliabilities of V ® scores were adequate, with coefficient of variations being 6.1 ± 7.0 % and 6.6 ± 6.5 %, respectively, with no large systematic bias between V ® scores detected (paired t-test: p = 0.927 and 0.250, respectively).
Objective assessment
An optical measurement system (Optojump Next ® , MicroGate
Timing and Sport, Bolzano, Italy) sampling at 1 000 Hz was used to record contact (t c , ms) and flight (t f , ms) times for 20 m from the 20 th to the 40 th meter of the 50-m running trials. As described by Morin et al. [23] , the spring-mass characteristics of the lower extremity were estimated using a sine-wave model employing t c , t f , velocity (v), body mass (m), and leg length (L, the distance between the greater trochanter and the ground measured in barefoot upright stance). Vertical stiffness (k vert , kN · m − 1
) was calculated as the ratio between the maximal vertical force (F max , kN) and center of mass displacement (Δ z , m) using the following equations: ) was calculated as the ratio between the F max and the maximal leg length deformation, i. e., leg spring compression (Δ L , m), using the following equations:
where d represents the distance of the point of force application translation, estimated for each individual to equal 18 % of their leg length [18] .
Analysis
Descriptive statistics of the data are presented as mean ± SD values. Since all data were normally distributed on the basis of the Kolmogorov-Smirnov test, parametric statistical methods were employed for data analysis. Student t-tests were used to compare the overall V ® score, scores for each element of the V ® score, and baseline characteristics between aerial and terrestrial running groups. 2-way (running group × speed) repeated measures analyses of variance, and Holm-Sidak procedures for post-hoc pair-wise comparisons, were used to identify the main effect of running group (aerial vs. terrestrial) on the biomechanical parameters, considering interactions between running group and speed. Statistical significance was accepted when the overall p-value was < 0.05, with all analyses performed in SigmaStat 12 for Windows (Systat Software Inc., San Jose, CA, USA).
Results
▼
Of the 91 subjects, 48 (n = 5 females) were categorized as being aerial runners and 43 (n = 9 females) as terrestrial runners. Accordingly, the former group had significantly higher V ® scores . 2) . Otherwise, the 2 groups were similar in terms of baseline characteristics regarding age, height, body mass, and training time (all p > 0.05). ). According to our hypothesis, running with an aerial pattern was associated with shorter contact times, greater leg stiffness, and longer flight times than with a terrestrial pattern. The former running style also demonstrated greater center of mass displacements and maximal vertical forces than terrestrial runners. In the absence of tools that objectively quantify running gait, the Volodalen ® method may provide coaches insight into the biomechanical preferences of individuals (i. e., quick contact time with high leg stiffness).
It is not always clear in the literature what biomechanical
parameters lead to a better running performance and economy, especially when only one parameter is considered in isolation. For instance, both short [26] and long [31] contact times have been linked to enhanced running economy, while other studies report no marked relationship between these variables [27] . Similarly, both rearfoot [25] and mid/forefoot [21] strike patterns are suggested to be more economical. However, several studies also report no marked differences in running economy between rearfoot and forefoot strikers [8] , with self-selections of running gait repeatedly reported as the most efficient [1, 8] . Differences in running mechanics between studies and individuals can be attributed to several factors [11] , including running speed, surface, and training level [11, 12] . Even amongst the topfinishers of a race, stride mechanics differ. It is possible that inherent characteristics of individuals, including neuromuscular [19, 24] and architectural [19] attributes, contribute to differences in fundamental movement patterns and global motor coordination of runners. Using a simple, field-based, subjective scale, the Volodalen ® method considers several criteria that seem independent (e. g., foot strike and arm swing) and combines them to classify running patterns into aerial and terrestrial. This approach agrees with previous suggestions that a runner needs to be considered as a dynamic system, wherein the alteration in one aspect of the running gait is likely to alter another [21] . Pilot testing suggests acceptable intra-and inter-experimenter reliability of the V ® score with a CV of 6.1 ± 7.0 % and 6.6 ± 6.5 %, respectively.
Although a more extensive reliability study is warranted to confirm results, it appears that the Volodalen ® method can be reliably used by both novice and expert coaches to better understand and train runners on the basis of biomechanical observations. A more detailed biomechanical analysis that investigates each of the criteria presented in • ▶ Fig. 1 , their inter-dependence, and their relationship to the Volodalen ® classification system is also warranted to further validate this approach. Then, the next step would be to investigate whether coaches need to address the entire running pattern of individuals (e. g., vertical oscillation of system rather than focusing on a single parameter (e. g., foot strike) to enhance performance. The aerial pattern was objectively associated with a shorter contact time and a higher leg stiffness than the terrestrial pattern, and subjectively associated with a mid-forefoot strike pattern. All these characteristics are proposed to increase the ability of the lower-extremity to store and release elastic energy via the spring-mass model during running [7] , engaging the plantar arch and Achilles tendon differently than when using a rearfoot strike pattern [14] . Kyröläinen et al. [17] have suggested that stiffer muscles around the ankles and the knees during touchdown can enhance force potentiation during push-off, and increase the mechanical efficiency of runners. Theoretically, the aerial pattern could rely on a better utilization of the stretchshortening cycle compared to the terrestrial pattern to optimize running performance and reduce energy cost. In contrast, the terrestrial pattern was objectively associated with a shorter flight time, longer ground contact time, and a higher leg compression than the aerial pattern, and subjectively associated with a rearfoot strike pattern and a low vertical oscillation. These parameters do not promote the store and release of elastic energy through the mechanisms suggested above. Instead, the mechanical efficiency of terrestrial runners theoretically relies on their ability to generate forces over a longer period of time and minimize vertical displacements. Indeed, longer contact times permit forces to be generated over a longer period of time, with an inverse relationship existing between the energy cost of running and ground contact time [15] . Shorter flight times are usually associated with decreased vertical oscillations of the center of mass [13] , which is recognized as being more economical [9, 31] . In summary, the terrestrial pattern could utilize energy to propel the body forward rather than upward to a greater extent than the aerial pattern. The above presents a paradox whereby aerial and terrestrial running both presents with advantages regarding running econo my and performance. Based on biomechanical analysis, we hypothesized that the aerial pattern relies on the stretch-shortening cycle and the return of elastic energy to minimize energy expenditure, whereas the terrestrial pattern minimizes energy expenditure through reduced vertical oscillation and external work. Consequently, we believe that there may be a generally beneficial set of mechanical parameters for aerial runners and another for terrestrial runners. Yet, in agreement with previous studies [1, 7] , we also believe that runners select movement patterns that optimize their own running economy and that there may be an optimal set of parameters at an individual level. To a certain extent, the Volodalen ® method can be perceived as a sliding scale, whereby adjusting different parameters would lead to enhanced performance based on preferred running style. Athletes and coaches can use the Volodalen ® method to evaluate and modify the running technique, favoring either the aerial or terrestrial pattern depending on what might benefit the athlete the most. Here, the training prescription would rely on the subjective evaluation of the coach, with the training aiming to either encourage certain characteristics of an individual's pattern (e. g., promote forefoot strike in aerial runners) or promote the alternate pattern when characteristics are overly expressed (e. g., reduce vertical oscillation in an aerial runner with excessive vertical displacements). Furthermore, it could be that aerial and terrestrial runners respond preferentially to different types of training interventions geared towards improving their performance. For instance, integrating plyometric training in aerial runners might enhance their running economy, but minimally influence terrestrial runners. In contrast, resistance training that improves leg strength and power might further benefit terrestrial rather than aerial runners, which would need to be verified through a standardized intervention study. Age has been shown to influence self-selected running strategies and might have confounded our results. More precisely, Cavagna et al. [5] observed that older vs. younger subjects (mean age: 73.6 vs. 20.8 years) run with lower vertical oscillations of the center of mass and shorter flight times, implying lesser storageand-release of elastic energy during the gait cycle. According to the Volodalen ® classification, older individuals might preferentially adopt a terrestrial running pattern, whereas younger individuals might self-select an aerial one. However, this assumption requires a more precise investigation given that no difference in the mean age of our terrestrial and aerial runners was observed. Contact and flight time were the only 2 parameters measured in this study and employed to model the spring-mass variables.
Although the use of a force platform would have been desirable, Morin et al. [23] have validated the computational approaches that we employed here, reporting low bias (from 0.1 to 6.9 %) between force platform and modeled values for leg stiffness, vertical stiffness, leg length changes, maximal force, and centre of gravity displacements during running. As such, we can be relatively confident that our modeled results would approximate those measured directly from a force platform. Another limitation of this study was the focus on temporal and spring-mass variables without quantification of joint biomechanics or energetic cost. Of course, running economy and mechanics rely on complex interactions between the metabolic, cardiorespiratory, biomechanical, and neurological systems [4] . More comprehen- Values are mean ± SD. The asterisks ( * ) indicate a significant difference (p < 0.05) between aerial and terrestrial running patterns at a given speed identified using Holm Sidak procedures during post-hoc analysis sive biomechanical and bioenergetics investigations are needed to validate the underlying premises to the Volodalen ® method and confirm whether subjective parameters of the classification system (e. g., vertical head displacements) are associated with objective biomechanical measures (e. g., measured head displacement using linear transducers or motion analysis).
Conclusion
▼
The aerial and terrestrial patterns determined subjectively by an expert coach using the Volodalen ® method demonstrated distinct running biomechanics parameters, providing preliminary validation of the usefulness of this method. The terrestrial pattern was associated with a longer contact time and greater leg compression than the aerial pattern, while the latter was associated with greater flight time, center of mass displacement, maximal vertical force, and leg stiffness. These findings highlight that qualitative assessments of running patterns using a holistic subjective approach provides insight into the biomechanics of running gait of individuals in absence of objective measurement tools. Understanding the running preference of individuals might assist in individualizing their training programs.
